art atom probe tomography. These small doubly charged carbon cluster ions were produced by laser-pulsed field evaporation from a tungsten carbide field emitter. Correlation analysis of the fragments detected in coincidence reveals that they only decay to Cn- 
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Since first detected in the tail of a comet in 1882, 1 pure carbon clusters have attracted considerable attention from physicists and chemists, which translated into a vast amount of literature. [2] [3] [4] [5] [6] [7] Carbon is one of the most abundant elements in the universe. Large to giant carbon clusters such as fullerenes, carbon nanotubes and graphene are materials with rare combinations of mechanical and functional properties. 5, [8] [9] [10] In turn, small carbon clusters play significant roles in combustion, astrophysics, nuclear and plasma physics. 6, 7, 11 Besides the importance in numerous technological applications, carbon clusters are also highly valuable to basic theoretical research. C atom can attain three different hybridizations, i.e. sp, sp 2 and sp 3 , which give rise to different types of C−C bonds and clusters with different structures, including linear chains, rings, 2D planes, 3D networks and cages. 2 They provide a unique opportunity to gain deep insights into cluster structure and chemical bonding between atoms.
In 1933, L. Pauling discussed the stability of doubly charged helium dimer ions He2
2+
, 12 which has opened up a new perspective for understanding bonding and electronic properties of clusters.
The stability of a charged cluster reflects the balance between the ionic Coulomb repulsion between the nuclei and the cohesion brought by the electrons. For a specific cluster, the amount of charge it can carry without being torn apart is limited. Similarly, for a particular charge state, only the clusters whose sizes are larger than a so-called critical size can resist Coulomb explosion. 13 Owing to the strong covalent bond and extraordinary stability, fullerene ions C60 q+ have been studied most extensively among the broad family of carbon clusters. 14 A lot of work has been done to determine the highest charge state that C60 q+ can reach before it becomes unstable. C60 2+ and C60 3+ were observed in the early 1990s. 15, 16 Later, intact cations with q up to 7 and 10 have been generated using electron impact 17 and ion impact 18, 19 for ionization. C60 12+ produced by infrared radiation 20 is the most highly-charged stable C60 cation reported so far. Theoretically, the Coulomb stability limit of C60 q+ was predicted to be q=18 21, 22 or q=14 [23] [24] [25] [26] using a conducting sphere model or density-functional theory (DFT).
In contrast, information on highly charged small carbon clusters is much scarcer. 33 There are also experimental work reporting the detection of the Cn 2+ (n=2−4) cluster ions using time-of-flight (TOF) mass spectroscopy, 34, 35 but the stability and fragmentation dynamics of the clusters have not been explored in detail.
Here, we focus on the metastability of the three smallest carbon cluster dications, i.e. Cn 2+ n=(2−4). We conducted a detailed experimental investigation combined with ab initio calculations and simulations of the flight of ions from the emitter to the detector. Instead of using the above mentioned conventional ionization methods, we applied laser-assisted field evaporation to produce is created at the emitter surface. Kf is referred to as the geometrical field factor. It is mainly dependent on the shape of the field emitter and the electrostatic environment. 36, 37 . During experiments, Vdc was adjusted dynamically according to the current tip radius, so that the strength of the electric field F was always slightly lower than that required for field evaporation. Subsequently, picosecond laser pulses were sent to the apex of the emitter to stimulate and time control the field evaporation process. Laser-pulsed field evaporation is a thermally activated process. After the interaction with the laser beam, the temperature of the emitter apex can increase up to a few hundred Kelvin. 38, 39 High temperature field evaporation leads to the appearance of cluster ions. 40 Then, it was rapidly cooled down to the base temperature before the next laser pulse to prevent overheating and uncontrolled field evaporation under the electrostatic field alone. In our experiments, the base temperature of the emitter is set to 60 K. The time interval between the pulses is 4 µs and the cooldown period of the emitter is estimated to be shorter than 6 ns based on the TOF spectrum. On the other hand, although the temperature elevation is relatively large, it only corresponds to a few vibrational numbers for C2 2+ and remains small with respect to the ground state dissociation barrier of larger clusters, which is a favorable situation to study the Coulomb instability without possible bias induced by the large amplitude vibrational motion and deformation associated to some excess internal energy. The local electrode 6 (LE), placed ~40 µm ahead of the emitting tip, is grounded to produce a well-defined, confined electric field distribution near the emitter, which drops rapidly towards the LE. By this electric field, the emitted ion is accelerated and projected onto a position-sensitive detector where its TOF can be determined as the time period between the emission of the laser pulse and the moment the ion hits the time-resolved detector. The TOF is then converted into a mass-to-charge state ratio for elemental and isotopic identification. The detector used in the atom probe is a delay-line detector.
It consists of a stack of microchannel plates for signal amplification and three delay lines to enhance multi-hits detection capability, 41 i.e. when more than one ion are generated by the same pulse. This multi-hit capability is critically dependent on the processing of the signals 42 and underpins the detection of the fragments from the dissociation of a cluster ion, and thus to determine its complex decay dynamics by coincidence mapping. Upon each ion impacts, the propagation of signals along the delay lines causes a detector 'dead time' and 'dead zone', which can lead to the specific loss of certain ions. Consequently, the multi-hit will be recorded as a single hit or the multiplicity of the hit, i.e. the number of ions included in the multi-hit, will be underestimated. This issue is known as detector pile-up. In another publication, 43 we have closely studied the performance of the applied atom probe instrument on the multi-hit detection for C. The effects of the detector pile-up on this work are not critical. carbon ions from all multi-hits, which are either within the C-C or the C-W type ion pairs. The C-8 W ion pairs, constituting 93.3%, are mainly formed due to correlated evaporation, i.e. the sympathetic evaporation of adjacent atoms following the evaporation of a first atom. 44 The C-C ion pairs, constituting only 6.7%, are either from correlated evaporation or cluster dissociation that we will discuss in this work. The relative contribution of cluster dissociation is small, but it can be easily separated from the non-dissociative event because of the particular correlation on the massto-charge state ratios of the fragments.
Comparing the multi-hit spectrum with the single hit spectrum indicates that most of the carbon ions were detected as part of multi-hit events. This is common for the APT analysis of carbides 35 and is not limited to tungsten carbide. Carbon requires a high electric field for field evaporation, which may cause its retention on the emitter's surface and promote the formation of clusters. 45 Here, we find atomic species, including C + , C 2+ , and cluster species, including C2 + , C2 2+ , C3 but very rare in metal carbides. 35, 49 If there is a substantial contribution of CH 2+ to the 6.5 Da peak, the abundance ratio of 6 Da/6.5 Da peak would be strongly shifted, which is however not the case.
Previously, Liu and Tsong also applied pulsed-laser-stimulated field evaporation and TOF mass spectroscopy to analyze carbon clusters. They observed carbon clusters consisting of up to 11 ions
and showing a charge state of up to 3+. 34 Here, we only generated small carbon clusters, arising from the distinctly different experimental conditions. We employed a tungsten carbide field emitter instead of graphite. Furthermore, Liu and Tsong applied a 337-nm-wavelength, 50-µJ-pulseenergy and 300-ps-pulse-width laser pulse, while we utilized a 355-nm-wavelength, 120-pJ-pulseenergy and ~10-ps-pulse width laser pulse. The increase in the temperature of the emitter is expected to be proportional to the peak power, which is five orders of magnitude smaller in our case. In addition, the position-sensitive detector has a good multi-hit capability, which allows us to register information about multiple fragments formed during the dissociation of a molecular ion.
The differences in their TOF and hit positions can thus be analyzed to gain insights into the fragmentation process, especially the lifetime of the parent molecular ion.
Metastable cluster ions dissociate during their flight to the detector and give rise to multi-hits.
The 12 and 24 Da peaks in the multi-hit mass spectrum are wider than those in the single hit mass spectrum. The C3 + peak is also more clearly visible. These are indications of cluster ion dissociation. In APT, the measured mass-to-charge state ratio of an ion m' is calculated from its TOF value tf using the equation We provide a detailed derivation of the equation (1) in the supporting information.
The deviations in mass-to-charge state ratio produce dissociation tracks in the multi-hit coincidence map, 51 or more specifically, ion correlation histogram, 50 where the measured massto-charge state ratio of a hit is plotted against the mass-to-charge state ratio of another hit within the same multi-hit event. Figure 2 shows the ion correlation histograms for C2 2+ (a), C3 2+ (b) and C4 2+ (c) dications. There is only one particular dissociation track for each species. With the help of equation (1), we can unambiguously identify the dissociation channels from the tracks, which are C2 2+ → C + + C + , C3 2+ → C + + C2 + and C4 2+ → C + + C3 + respectively. Previous theoretical work also indicate that the energetically favorable dissociation channel for these small carbon cluster dications Cn 2+ (n=2−5) is Cn-1 + /C + , [27] [28] [29] [30] and an earlier experimental study on C5 2+ is in good agreement with this theoretical prediction. 33 Irrespective of the low detectability of neutrals in APT, tracks of dissociation channels that result in neutral fragments can also be identified using ion correlation histograms. 52 Here, dissociation channels with neutral fragment emission, i.e. Cn-1 2+ /C, Cn-1/C 2+ , and Cn-2 2+ /C2 are not observed. (3) and the red lines correspond to equation (2) . In (a), a color map indicating the intensity of the counts is included. The intensity of counts along the track is related to the time probability of dissociation, though not in an unequivocal bijective way.
The red lines in Figure 2 are plotted according to 
which is just equation (1) , depending on the acceleration voltage. As a whole, the proportion of the C3 2+ and C4 2+ ions that dissociated is large, suggesting that the actual lifetimes of these species are significantly longer than the TOF and beyond the microsecond range. This is consistent with a previous observation of C3 2+ ions with TOF longer than 20 µs. 34 For homolytical dissociation of dications with an even number of carbon atoms such as C2 2+ and C4 2+ , i.e. C2n 2+ → Cn + + Cn + , the true mass-to-charge state ratios of the two fragments Cn + and the parent ion C2n 2+ are the same, thus the KER is the only cause of a difference in the TOF, which translates into a difference in the measured mass-to-charge state ratio Δm between both fragments, giving rise to a dissociation track in the ion correlation histogram. As in this case qA + qB = 180º, i.e. cos(qA) = -cos(qB), we can eliminate the KER and angle dependence from equation (1) to get:
.
In Figure 2 (c) , there is no obvious dissociation track corresponding to C4 2+ → C2 + + C2 + , either because the KER is too small to induce noticeable difference in the measured mass-to-charge state ratio of the two C2 + fragments, or simply because this type of dissociation is not energetically favorable and thus did not occur, as theoretically predicted. 29, 31 In contrast, in Figure 2 As Figure 1 (a) illustrates, the KER induced by the repulsive Coulomb forces also causes divergences in the ion trajectories of the fragments (ΔR), which should negatively correlate with the difference in their measured mass-to-charge state ratios (Δm). The relationship observed for 12 
C2
2+ → 12 C + + 12 C + is plotted in Figure 3 (a) . Surprisingly, we can see two series of events. 3 Pu states. We have computed the lifetimes by means of perturbation theory using the method described in ref. 53 Briefly, the SOC lifetime for a given vibrational level is calculated from the vibrational wave function obtained from the MRCI potential energy curves and using a separate evaluation of the SOC matrix element as described in the supporting information. Subsequently, we simulated the dissociation process of 12 C2 2+ along the 3 Pu PEC using an idealized atom probe, 53,54 whose geometry is sketched in Figure 1 (a) . Both the tip of the field emitter and the LE are mimicked using a confocal paraboloid following the method given in. 53 The electric field at the tip apex was set at 46 V/nm, which is comparable to the electric fields applied in experiments. 55 The original 12 C2 2+ ions were oriented randomly with respect to the electric field. The distance between the two 12 C + fragments at the dissociation time is taken in such a way that the potential energy on the 3 Pu PEC equals the sum of the electronic and vibrational energies of the initial state for each vibrational state n = 0-4. Figure 3 (b) shows the relationship between the measured mass-to-charge state ratio difference The dissociation distance ranges from 6×10 4 to 4×10 6 nm for the dissociation times tD included in to the lifetimes of the cluster ions, but depends on the KER. As the KER increases with the vibrational number n, the impact distance ΔR on the detector progressively increases.
The second series of dissociation events observed in Figure 3 ( Laser-assisted field evaporation can provide ready access to diverse types of molecular cations, which can already be noticed from literature. For instance, in the analysis of oxides, [58] [59] [60] [61] [62] carbides, 35, 43, 55 and nitrides, 50, [52] [53] [54] 63 oxygen, carbon, nitrogen as well as (non)metal-oxygen, (non)metal-carbon, (non)metal-nitrogen cluster cations were observed. Large organic molecular ions were detected when measuring biological materials. 47, 48 Combining this distinct strength with the time-resolved, position-sensitive detector equipped in APT opens a powerful way to study the stability and complex decay dynamics of multiply charged polyatomic ions.
